Introduction {#s1}
============

We wake up consciously aware but rarely fully alert. Awakening from sleep entails a temporary period of reduced alertness and impaired cognition known as sleep inertia. First described in the early 1960's \[[@B1]\], it's effects on performance, like sleep loss, includes a slowing of responses, loss of accuracy, increased attentional lapses and reduced alertness \[[@B2]\]. Whether this means that sleep inertia is a part of the sleepiness continuum driven by the homeostatic process remains an unresolved issue. In most current models of alertness and performance sleep inertia is conceptualized as a separate physiological state distinct from sleepiness \[[@B3]--[@B5]\].

Why sleep inertia occurs is not clear. It has been postulated that a temporal dissociation between two wake-up processes, one, a rapid restoration of conscious awareness and the other, a slower more progressive recovery to full alertness, underlies the phenomenon \[[@B6]\]. This speculation by Balkin et al. \[[@B6]\] is based on their brain imaging study, in which, immediately after awakening, areas such as the brainstem, basal ganglia and thalamus appeared to be rapidly maximally reactivated and remained stable thereafter, whereas, anterior cortical areas associated with higher order cognitive functions continued to increase in activation for up to fifteen minutes post-awakening. More recently, Groeger et al. \[[@B15]\] provided additional support for this notion. They found that in sleep restricted participants awakening from an afternoon nap, executive functions took longer to recover to baseline levels than performance in simple tasks.

Sleep inertia is strongest at wake-time, dissipating rapidly thereafter. Estimates of the dissipation range from a minute to over two hours \[[@B3],[@B4],[@B7],[@B8]\] and this has been attributed to a number of factors including prior sleep duration \[[@B9]\], sleep stage at awakening \[[@B10]--[@B12]\], circadian phase at awakening \[[@B13]\], and even chronotype \[[@B14]\]. Crucially, a differential sensitivity of various cognitive processes to sleep inertia may be a significant contributing factor, but this has not been thoroughly investigated. To do so, it is necessary to compare performance in several tasks that differ appropriately, e.g. 1- back vs. 3-back (for executive function load in working memory) \[[@B15]\]. In fact, using such an approach, Groeger et al. \[[@B15]\] showed that executive loading worsens the impact of sleep inertia following afternoon naps but not morning naps. However, with a few exceptions \[[@B15]--[@B17]\], most studies have focused on subjective measures of alertness and a single cognitive task \[[@B1],[@B3],[@B4],[@B7],[@B8],[@B18]\].

Although, sleep inertia is a robust phenomenon with obvious practical consequences, strategies to counteract it remain undeveloped. Given the fact that light has a powerful non-visual effect on behaviour, and, that brain activation while people are engaged in a cognitive task can be enhanced by light exposure \[[@B19],[@B20]\], one wonders whether artificial light can be engineered to counteract sleep inertia. In this regard, blue-enhanced light may be an attractive candidate given that it enhances alertness and improves response times in simple cognitive tasks \[[@B21]--[@B23]\]. Also, given that changes in temperature and cortisol are associated with differential cognitive performance \[[@B24],[@B25]\], the fact that simulated artificial dawn light affects temperature \[[@B8]\] and cortisol \[[@B26]\] is encouraging.

We examined morning sleep inertia, concurrently, in several cognitive processes and investigated whether increasing the level of blue wavelength in artificial white light can counteract sleep inertia. We measured subjective sleepiness, sustained attention, cognitive throughput and working memory with the Karolinska Sleepiness Scale (KSS), the Psychomotor Vigilance Task (PVT), the add task and the verbal 1 and 3-back tasks, respectively \[[@B15],[@B27]--[@B29]\], under four white light conditions, each with a different spectral and intensity characteristic. Sleep inertia affected sleepiness and all the cognitive processes tested, with the impact being strongest in subjective sleepiness. However, increasing blue wavelength in white light had little effect on sleep inertia with the exception of the 3-back task.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2.1}
----------------

This study was conducted in accordance with the principles expressed in the Declaration of Helsinki. The protocol was approved by the University of Surrey Ethics Committee (EC/2011/102/FHMS) and written informed consent was obtained from all participants prior to the start of any study related procedures.

Participants {#s2.2}
------------

Sixty-two healthy individuals aged 18 to 35 were screened into the study, of whom twelve were invited as participants and two as reserves. All fourteen were healthy by history, physical examination (including the Ishihara test for color blindness) and standard biochemistry/haematology. They had regular self-reported sleep/wake patterns and were not on any medication. Self-reported need for at least 60 minutes to feel fully alert after awakening was a primary selection criteria \[[@B18]\]. Exclusionary criteria included recent history of shift-work, travel across more than one time-zone in the preceding twelve months, Pittsburgh Sleep Quality Index (PSQI) score \> 5 \[[@B30]\], consumption of more than 4 cups of caffeinated beverages per day and/or 14 units of alcohol per week and a positive urinary toxicology screen for substances of abuse. Three participants withdrew early in the protocol and were replaced by the two reserves, resulting in eleven (7 females; mean age +/- SD: 22.27 +/- 4.22 years) completing the protocol. Additionally, at screening, buccal swab samples were collected for extracting genomic DNA to analyse for the Variable Number Tandem Repeat (VNTR) polymorphism in the clock gene *PERIOD3* (*PER3*), which is associated with diurnal preference \[[@B31],[@B32]\]. But, analyses based on this polymorphism are not presented here.

Protocol {#s2.3}
--------

The experiment was conducted in the UK (51°14\'07.44\"N latitude), between October and December, inclusive.

### Pre-Laboratory Segment {#s2.3.1}

For a week to ten days before the first laboratory session, participants wore an actiwatch (Actiwatch Spectrum, Philips Respironics) and filled out sleep diaries (Karolinska Sleep Diary and Social Rhythm Metric scale). This allowed us to determine their habitual sleep-wake schedule and daily light exposure pattern \[[@B33],[@B34]\]. Following this, a week prior to each laboratory visit, participants were assigned an 8-hour sleep schedule (which was within an hour of their habitual bedtime). Their compliance was verified with actigraphy monitoring and sleep diary. Actigraphy data (namely, the hourly time bin in which an onset and offset threshold activity occurred) indicated they all maintained this schedule to within 40 minutes of their assigned bedtime and wake-time.

### Laboratory Segment {#s2.3.2}

The five laboratory sessions spanned 6 weeks with a week between each session. The first, an *acclimation* session, included polysomnographic (PSG) recording of night-time sleep and two hours of cognitive testing after awakening in the morning. This cognitive session served to introduce the different tasks to the participants and provide them an opportunity to reach asymptotic levels of performance to minimize practice effects \[[@B35]\]. To preserve equivalence across laboratory sessions, the acclimation cognitive testing set-up included the light box ([Figure 1](#pone-0079688-g001){ref-type="fig"}), but without light exposure. The four *experimental* sessions included overnight sleep (*6.5 hrs long* to optimise sleep inertia \[[@B9]\]) in the laboratory, preceded by baseline cognitive assessment and followed by sleep inertia assessment during a four-hour morning light exposure ([Figure 1](#pone-0079688-g001){ref-type="fig"}). All laboratory events were timed relative to a study designated bedtime (00:12, 00:37 and 00:57). Having these three staggered bedtimes enabled us to maintain precise timing of cognitive testing in multiple participants, while at the same time minimizing deviations from the subjects' habitual bedtime (average +/- 1SD: 23:23 +/- 00:42).

![Protocol.\
The timing of events in each laboratory session occurred as shown in the figure. Baseline assessment preceded the 6.5 hour night time sleep episode, which was followed by the sleep inertia assessment conducted during a four hour light exposure as shown in the top right box of the figure. The the timing and order of administration of the cognitive tasks in both baseline and sleep inertia assessments occurred as shown in the bottom left rectangle. The light box measuring 138 x 80 x 90 cm and painted white on the inside, contained two top-mounted commercially available fluorescent tubes (Philips T5 24W lamps 827: 2700K light; Activiva Active: 17000K light with a Color Rendering Index \> 80). A diffuser covered the tubes to yield a diffuse relatively homogeneous light distribution within the box. Consent to publish the photograph of the light box was obtained.](pone.0079688.g001){#pone-0079688-g001}

On the day of the experimental session, participants arrived at the Surrey Clinical Research Centre (SCRC) between 19:00 - 19:30 h. Upon arrival, they underwent a basic medical screen and alcohol breathalyzer test, followed by electrode application and baseline cognitive assessment (conducted two hours before lights-out in 10-20 lux ambient white light). In the morning, within three minutes of lights-on ([Figure 1](#pone-0079688-g001){ref-type="fig"}) we started the light exposure with multiple sleep inertia assessments (identical to baseline assessment). Measurements included actigraphy, waking electroencephalography (EEG) with half-hourly administrations of the Karolinska Drowsiness Test (KDT; not discussed here), KSS (half-hourly), cognitive testing (half hourly during the first 90 minutes of light exposure and hourly thereafter) and a headache questionnaire (not discussed here). After the last cognitive assessment, participants received a small snack. At the end of the light exposure they were given an opportunity to shower and have breakfast before being discharged.

### Light Exposure {#s2.3.3}

The four white light conditions ([Table 1](#pone-0079688-t001){ref-type="table"}) included a dim light (Dim), a light similar in intensity to the artificial light at home (Blue-Intermediate), a blue-enhanced light with intensity similar to artificial light at home (Blue-Enhanced) and a blue enhanced light brighter than the light at home (Bright Blue-Enhanced). The lights were administered in a counterbalanced, pseudo-randomized manner (one of two sequences) using purpose-designed boxes (Philips Lighting; [Figure 1](#pone-0079688-g001){ref-type="fig"}) which allowed us to switch between the light conditions.

10.1371/journal.pone.0079688.t001

###### Characteristics of the White Light Mixtures.

  **Light Condition**    **Lamp Type (Color Temperature)**   **Illuminance (Lux)**   **Melanopsin Weighted Photon Density (photons/m^2^/s)**   **L-Cone Weighted Photon Density (photons/m^2^/s)**   **M-Cone Weighted Photon Density (photons/m^2^/s)**   **S-Cone Weighted Photon Density (photons/m^2^/s)**   **Photon Density (photons/m^2^/s)**
  ---------------------- ----------------------------------- ----------------------- --------------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- -------------------------------------
  Dim                    2700k (2592K)                       19                      2.09 x 10^16^                                             9.27 x 10^16^                                         5.92 x 10^15^                                         8.85 x 10^15^                                         1.60 x 10^17^
  Blue-Intermediate      2700k (2529K)                       200                     1.87 x 10^17^                                             9.78 x 10^17^                                         6.21 x 10^17^                                         5.62 x 10^16^                                         1.55 x 10^18^
  Blue-Enhanced          17000K (7717K)                      195                     6.23 x 10^17^                                             8.45 x 10^17^                                         7.19 x 10^17^                                         4.25 x 10^17^                                         1.70 x 10^18^
  Bright Blue-Enhanced   17000K (7280K)                      750                     2.32 x 10^18^                                             3.27 x 10^18^                                         2.78 x 10^18^                                         1.54 x 10^18^                                         6.45 x 10^18^

The White light mixtures were designed with intensity and spectral composition as detailed in the table. Illuminance values in Columns 3 represent the design specifications. Columns 4, 5, 6, and 7 represent the light mixtures quantified according to the peak spectral sensitivities based on CVRL (http://www.cvrl.org) of the melanopsin (480 nm), L-cone (570 nm), M-cone (545 nm) and S-cone (445 nm) systems, respectively.

At manufacture, light spectra and vertical illuminance at eye level were determined with a spectrometer (Spectrascan PR-704 with Spectrawin 2 software; Photo Research Inc.) and a handheld photometer (LMT Pocket Lux 2 meter) pointed at the rear inside wall of the box. Photon densities for each light condition were calculated by multiplying the Spectrascan measured photon densities/lux with the corresponding LMT lux readings ([Table 1](#pone-0079688-t001){ref-type="table"}). On-site at the laboratory, irradiances (μW/cm^2^) for each light condition were determined with spectroradiometry recordings (HR2000, Ocean Optics, FL, USA) made in the wavelength range 344 - 782 nm with a sampling resolution of 0.23 nm and preceded by a dark calibration.

Activity and Light Exposure {#s2.4}
---------------------------

Actigraphy recording (1 minute resolution) in the field and laboratory were done with actiwatches (Actiwatch Spectrum, Philips Respironics) that measured wrist activity frequency, levels of broad spectrum white light, red (600-700nm), green (500-600 nm) and blue (400-500 nm) wavelengths. An accelerometer in the actiwatch measures the activity count while three independent color sensitive photodiodes measure illuminance (integrated input of the three sensors) and irradiance levels. Average light exposures were computed separately for the field and laboratory segments.

Alertness {#s2.5}
---------

Subjective sleepiness was assessed with a pencil and paper version of the KSS \[[@B27]\]. The KSS was administered before each cognitive testing session (KSS1) and at half-hourly intervals (KSS2) starting at the end of the first cognitive assessment ([Figure 1](#pone-0079688-g001){ref-type="fig"}, lower left rectangle). The two assessments were intended to track sleepiness (KSS1) and measure any change in sleepiness related to fatigue arising from intense mental effort, such as, after a series of cognitive tasks (KSS2).

Cognitive Performance {#s2.6}
---------------------

Only pencil and paper tasks or computerized auditory tasks were used to avoid the confounding effect of light from the computer monitor.

### Sustained Attention {#s2.6.1}

Simple response time tasks like the PVT are useful for examining circadian and homeostatic effects in sustained attention \[[@B23],[@B28],[@B36],[@B37]\]. We used a 10-minute auditory variant of the task (referred to as PVT here). Participants responded with a mouse click as soon as they detected an auditory 'beep', which appeared after a random time interval between 2000 and 10,000 msecs. The primary measure was response time (RT) \[[@B37]\].

### Cognitive Throughput {#s2.6.2}

Numerical addition of digit pairs is commonly used to examine circadian and homeostatic effects in cognitive throughput \[[@B4],[@B13],[@B29]\]. We used a pencil and paper version in which the stimuli consisted of two-digit number pairs generated with a pseudo-random number generator. Participants had to mentally add as many such pairs as possible in a 2 minute period. No stimulus pair was repeated during or across laboratory segments for a given participant. The primary measures were the number of correct responses (accuracy) and attempted responses (speed).

### Working Memory {#s2.6.3}

Verbal n-back tasks are popularly used for examining circadian and homeostatic effects in working memory \[[@B15],[@B38]\]. In these tasks, the stimuli (letters) are presented in a rapid serial manner with the participant having to indicate whether or not the current stimulus matches a previous one. We used a 2-minute auditory variant of the verbal 1-back and 3-back tasks (inter-stimulus interval: 1000 milliseconds (ms); stimulus delay: 2000 ms). Each n-back sequence consisted of letters randomly chosen from a set of 9 consonants, and consisted of an equal number of "match" ('yes' response, 16 trials) and "non-match" ('no' response, 16 trials) trials. The dependant measures included RT, accuracy (number of correct responses) and aprime (index of accuracy based on Hits and false Alarms \[[@B38]\]). We used the standard practice of analyzing the 'match' and non-match' trials, both, combined and separately, since the two types of trials are thought to involve different underlying mechanisms \[[@B15],[@B39]\].

Polysomnography (PSG) {#s2.7}
---------------------

Data were recorded with the Siesta 802 digital PSG system (Compumedics Limited, Victoria, Australia). An electroencephalography (EEG) montage based on the 10-20 system, consisting of F3-A2, F4-A1, C3-A2, C4-A1, O1-A2 and O2-A1 was used. Submental electromyogram (EMG), electro-cardiogram (ECG), Respiratory Effort (acclimation night only) and electro-occulogram (EOG) were also recorded. The EOG electrodes were placed at the outer canthi of each eye with the left and right electrodes referenced to the contra lateral mastoids A~1~ (left) and A~2~ (right).

All signals were digitized on-line (16 bit AD converter; storage sampling rate at 256 Hz for EEG, EMG, EOG, ECG and 64 Hz for the Respiratory Effort). All recordings were visually scored on a 30-s epoch basis according to the AASM scoring criteria \[[@B40]\]. Sleep onset latency (SOL) and Latency to persistent sleep (LPS) were defined as the time (minutes) from lights off to the first epoch of NREM or REM sleep and the first consecutive 20 epochs of NREM or REM sleep, respectively. Latency to slow-wave sleep (SWSLAT) and REM sleep latency (REM LAT) were defined as the time (minutes) from SOL to the first epoch of stage N3 and REM sleep, respectively. The sleep stage at awakening was categorized as the most frequently occurring stage five minutes before lights-on \[[@B13]\].

Statistical Analyses {#s2.8}
--------------------

All the data were analyzed using the statistical package SAS 9.1 (SAS Institute, Cary, North Carolina).

Our analyses focused on two aspects of the data: 1) the decrement in alertness and performance immediately upon awakening relative to baseline (before sleep), and 2) the change in alertness and performance during the four hours post-awakening. To assess the severity of sleep inertia we used two measures of effect size, Cohen's d and Cohen's f^2^. The former, derived from the means and standard deviations of the student's t statistic, was used to assess the acute effect of sleep inertia \[[@B41]\]. It was based on the comparison of baseline performance (before sleep) with the first assessment after awakening in the morning. The latter, derived from the numerator and denominator degree of freedom of the F statistic from the mixed model ANOVA, was used to assess the dissipation in sleep inertia \[[@B42]\]. It was based on all the data from the morning testing sessions.

To characterize the effect of sleep inertia we focused on the data from the Dim light condition \[[@B4]\]. We used a general linear mixed-model ANOVA with an autoregressive \[ar (1)\] covariance structure, with 'time relative to the start of the light exposure' (time) as a repeated factor and as a fixed effect. To characterize the effect of the different white light conditions on sleep inertia, we used a similar model, but with both light condition and time as repeated factors and as fixed effects. For both analyses, 'Subject' was a random factor and the 'randomization sequence of the light condition' an additional factor to rule out order effects. Lastly, the baseline data (data from the evening session before the night sleep) was a covariate in the model. Normality of the residuals was checked for all the data sets and they did not deviate significantly from a normal distribution. Any data loss resulting in reduced sample sizes are stated in their corresponding sections in Results.

Results {#s3}
=======

Our objective was to compare morning sleep inertia in alertness, attention, working memory and cognitive throughput and to determine whether sleep inertia exhibits an intensity- and spectrum-dependent sensitivity to light. The data presented in the figures and tables represent the actual means.

First, our analysis of several EEG assessed sleep parameters ([Table 2](#pone-0079688-t002){ref-type="table"}) allowed us to determine how well participants slept and whether sleep differed between the laboratory nights. A high sleep efficiency of above 89% during all sleep episodes and a lack of a significant difference (p \>0.05) in sleep efficiency, SOL, SWSLAT, REM LAT between laboratory visits indicated that our participants slept the same and equally well on all four nights. We also analysed the most frequently occurring sleep stage during the 5 minutes before lights-on, as this has been shown to modulate the effect of sleep inertia \[[@B13]\]. Of the 44 awakenings, twice (5%) an individual was already awake at lights-on, 27 awakenings (61%) occurred from non-REM sleep and 15 (34%) from REM sleep ([Table 3](#pone-0079688-t003){ref-type="table"}).

10.1371/journal.pone.0079688.t002

###### Sleep Parameters.

  **Sleep Parameters**                           **Dim (D) n=11**        **Blue-Intermediate (BI) n=11**   **Blue-Enhanced (BE) n=11**   **Bright Blue Enhanced (BBE) n=11**
  ---------------------------------------------- ----------------------- --------------------------------- ----------------------------- -------------------------------------
  Latency to Persistent Sleep (LPS; minutes)     14.00 [+]{.ul} 2.16     17.82 [+]{.ul} 8.17               12.59 [+]{.ul} 4.22           23.40 [+]{.ul} 10.40
  Sleep Onset Latency (SOL; minutes)             11.09 [+]{.ul} 2.05     12.50 [+]{.ul} 6.70               11.55 [+]{.ul} 4.24           21.20 [+]{.ul} 10.44
  Latency to Slow-Wave Sleep (SWSLAT; minutes)   13.41 [+]{.ul} 1.02     15.68 [+]{.ul} 4.01               13.00 [+]{.ul} 0.95           13.25 [+]{.ul} 1.39
  REM Latency (REMLAT; minutes)                  87.36 [+]{.ul} 8.19     81.64 [+]{.ul} 12.81              72.82 [+]{.ul} 7.21           85.65 [+]{.ul} 7.13
  Total Sleep Time (TST; minutes)                356.55 [+]{.ul} 10.57   364.73 [+]{.ul} 8.35              364.86 [+]{.ul} 8.91          350.60 [+]{.ul} 11.83
  Wake After Sleep Onset (WASO; minutes)         22.36 [+]{.ul} 9.49     12.77 [+]{.ul} 4.32               13.59 [+]{.ul} 4.87           18.20 [+]{.ul} 6.85
  Wakefulness                                    22.36 [+]{.ul} 9.49     11.55 [+]{.ul} 4.16               13.59 [+]{.ul} 4.87           17.15 [+]{.ul} 6.89
  Stage 1 (minutes)                              31.91 [+]{.ul} 2.78     34.00 [+]{.ul} 2.47               34.36 [+]{.ul} 3.16           31.20 [+]{.ul} 4.85
  Stage 2 (minutes)                              161.91 [+]{.ul} 9.37    171.95 [+]{.ul} 6.55              169.55 [+]{.ul} 8.21          167.10 [+]{.ul} 8.45
  Stage 3 (minutes)                              94.18 [+]{.ul} 8.18     86.00 [+]{.ul} 5.83               89.91 [+]{.ul} 7.08           88.25 [+]{.ul} 4.83
  Non-Rapid Eye Movement (NREM; minutes)         288.00 [+]{.ul} 9.90    291.95 [+]{.ul} 7.66              293.82 [+]{.ul} 8.45          286.55 [+]{.ul} 9.83
  Rapid Eye Movement (REM; minutes)              68.55 [+]{.ul} 7.04     72.77 [+]{.ul} 5.15               71.05 [+]{.ul} 5.69           64.05 [+]{.ul} 6.00
  Sleep Efficiency (SEFF %)                      91.43 [+]{.ul} 2.71     93.52 [+]{.ul} 2.14               93.55 [+]{.ul} 2.29           89.91 [+]{.ul} 3.03

The data are actual means ± SEM (minutes) from the data. There were no significant differences in any of these sleep parameters between the laboratory sleep episodes.

10.1371/journal.pone.0079688.t003

###### Percentage of Awakenings from a Specific Sleep Stage during the 5 minutes before Lights On.

  **Stage at Wake**                        **Dim (D) n=11**   **Blue-Intermediate (BI) n=11**   **Blue-Enhanced (BE) n=11**   **Bright Blue Enhanced (BBE**)**n=11**
  ---------------------------------------- ------------------ --------------------------------- ----------------------------- ----------------------------------------
  Wakefulness                              0%                 10%                               0%                            10%
  Non-Rapid Eye Movement (NREM; minutes)   55%                63%                               55%                           72%
  Rapid Eye Movement (REM; minutes)        45%                27%                               45%                           18%

To examine sleep inertia in alertness, we analysed the KSS1 and KSS2 scores ([Figure 2A](#pone-0079688-g002){ref-type="fig"}; n = 11). A paired t-test between baseline and the first post-sleep assessment revealed a significant difference (p\<0.01) in both KSS scores such that sleepiness immediately after awakening were higher than at baseline. Thereafter, it declined over a two-hour period as indicated by a significant effect of time (KSS1: p\<0.0001; KSS2: p=0.02) in the ANOVA, and, a significant difference (p\<0.05) in the paired comparisons between the first post-sleep score and the remaining scores ([Figure 2A](#pone-0079688-g002){ref-type="fig"}). There was no effect of sleep stage at awakening in the scores.

![Sleep inertia in subjective alertness and cognition.\
Values shown here are the actual means +/- 1 SEM from the data. Baseline performance is shown to the left of the sleep episode while sleep inertia performance is shown to the right of it. (A) The effect of sleep inertia on subjective alertness as measured by the Karolinska Sleepiness Scale (KSS). The open circles depict alertness levels before a cognitive assessment (KSS1), while the closed circles depict half-hourly levels starting with the end of the first sleep inertia cognitive assessment (KSS2). (B) Mean response time (RT) and the variability of the mean RT on the PVT. (C) Lapses (number of RT's \> 500 msecs) and the inverse mean of the slowest 10% of RT's on the PVT. (D) Cognitive throughput as measured with accuracy (percentage correct responses during a 2 minute period) and speed (number of responses during a two minute period) in the add task.\
Panels E, F, G and H show the effect of sleep inertia on working memory as measured by the 1-back and 3-back tasks. (E) Aprime on the 1-back and 3-back tasks. (F) Average RT on the match and non-match combined in the 1-back and 3-back tasks. (G) RT on the match trials in the two tasks. (H) RT on the non-match trials in the two tasks.](pone.0079688.g002){#pone-0079688-g002}

To examine sleep inertia in attention, we analysed RT, the standard deviation of the RT, the inverse of the slowest 10% RT and the number of lapses ([Figure 2B and C](#pone-0079688-g002){ref-type="fig"}) from the auditory PVT task (n = 11). A paired t-test between baseline and the first post-sleep assessment revealed a significant difference in speed (mean RT: p\<0.01; slow RT: p=0.05) and lapses (p=0.01), with two and half times as many lapses at awakening when compared to baseline (3 [+]{.ul} 0.59 to 7.7 [+]{.ul} 1.79). The effect of sleep inertia dissipated over the course of four hours as indicated by a significant effect of time (mean RT: p=0.01; standard deviation of RT: p = 0.053; slow RT: p\< 0.01; lapses: p \< 0.01) in the ANOVA. However, this dissipation exhibited a 'U' shaped pattern, similar to other reports in the literature \[[@B11],[@B17]\], in that performance first worsened before it recovered ([Figure 2B and 2C](#pone-0079688-g002){ref-type="fig"}). Note the more than fivefold increase in lapses (20.27 [+]{.ul} 5.18; [Figure 2C](#pone-0079688-g002){ref-type="fig"}) for up to 2.5 hours after awakening. There was no effect of sleep stage at awakening this task.

To examine sleep inertia in cognitive throughput, we analysed number of attempted responses (speed) and percentage of correct responses (accuracy) in the add task ([Figure 2D](#pone-0079688-g002){ref-type="fig"}; n = 11). A paired t-test between baseline and the first post-sleep assessments yielded a significant difference in speed (p\<0.01; 30.6 [+]{.ul} 3.5 vs. 25.9 [+]{.ul} 2.4) but not in accuracy (p=0.78). The ANOVA yielded a significant effect of time on speed and accuracy (p=0.052), such that performance recovered to baseline levels by the end of four hours ([Figure 2 D](#pone-0079688-g002){ref-type="fig"}). The effect of sleep inertia in this task, however, was very modest. There was no effect of sleep stage at awakening this task.

To examine sleep inertia in working memory we analysed aprime (the accuracy index) and RT (combined and separately for 'match' and non-match' trials) in the 1-back and 3-back tasks ([Figure 2](#pone-0079688-g002){ref-type="fig"}, E-H; n = 11). Overall, speed more than accuracy was affected by sleep inertia in both tasks. A paired t-test between baseline and first post-sleep 'aprime' ([Figure 2E](#pone-0079688-g002){ref-type="fig"}) indicated no significant difference either the 1-back (0.92 [+]{.ul} 02 vs. 00.92 [+]{.ul} 02; p = 0.8) or 3-back (0.88 [+]{.ul} 02 vs. 00.89 [+]{.ul} 03 p = 0.6) task. The ANOVA results were similar in that there was no effect of time on aprime in either task.

In contrast, the comparison of the baseline and first post-sleep RT (for the combined 'match and 'non match' trials; [Figure 2F)](#pone-0079688-g002){ref-type="fig"}, revealed a significant increase from baseline in the 1-back task (211 msec; p = 0.02), but, not in the 3-back task (104 msec; p = 0.09). When the 'match' and 'non-match' trials ([Figure 2G and 2H](#pone-0079688-g002){ref-type="fig"}, respectively) were analyzed separately, there was a significant increase first post-sleep RT from baseline only for the 'non-match' trials (1-back: 290 msecs, p=0.01; 3-back: 130 msecs, p=0.03). The ANOVA results were similar. The analyses of the combined 'match' and 'non-match' RT revealed significant effect of time in the 1-back task (p\<0.001), but not in the 3-back task (p=0.5). While responses speeded up progressively over the four hours in the 1-back task, they remained unchanged in the 3-back task ([Figure 2F](#pone-0079688-g002){ref-type="fig"}). A separate analysis of the 'match' and 'non-match' showed a significant effect of time only on the 'non-match' trials in the 1-back task (p\<0.001); there was a 338 msec decrease in RT by the end the four hour sleep inertia testing period. A third ANOVA, in which n-back level (that is including data from both tasks) was a fixed effects factor, indicated no significant time by n-back level interaction (p\>0.05). There was no effect of sleep stage at awakening in performance in either task.

To examine the differential sensitivity of cognitive processes to sleep inertia we computed Cohen's d ([Figure 3A](#pone-0079688-g003){ref-type="fig"}) and f^2^ ([Figure 3B](#pone-0079688-g003){ref-type="fig"}). First, the Cohen's d was largest in the KSS scores compared to measures from the other tasks. Second, Cohen's D was smaller in measures from the addition task and 3-back tasks in comparison to auditory RT task and the 1-back task. Third, regardless of task, the effect of sleep inertia was stronger in speed than in accuracy. The effect size based on Cohen's f^2^ was again largest for the KSS scores, with performance in the addition and 3-back tasks showing smaller effect sizes in comparison to performance in the auditory PVT task and 1-back tasks. Again, the Cohen's f^2^ was larger in speed than in accuracy. Thus, performance in simpler tasks appeared to be more affected by sleep inertia than performance in more demanding tasks.

![Effect Sizes.\
(A) A comparison of the acute effect of sleep inertia across the cognitive processes using Cohen's d, computed with the mean and standard deviations on a student's t-test between baseline (2 hours before bed-time) and initial sleep inertia assessments. The magnitude effect of sleep inertia appeared stronger alertness and in tasks primarily driven by lower order processes such as attention. (B) A comparison of the dissipation of sleep inertia across cognitive processes using implied f^2^ computed with the numerator and denominator degrees of freedom of the F statistic from the mixed-model ANOVA. The effect of sleep inertia appeared stronger in alertness and performance in tasks primarily mediated by attention.](pone.0079688.g003){#pone-0079688-g003}

The actigraphy measures were used to examine natural rest-activity and light-exposure patterns, as well as compare our experimental white light conditions with morning light at home ([Figure 4](#pone-0079688-g004){ref-type="fig"}; n =11). The data indicated that participants were active during the day and slept at night ([Figure 4A](#pone-0079688-g004){ref-type="fig"}). This corresponded with the 24-hour light exposure pattern which showed that illuminance was highest during the daytime, dropping sharply around dusk and stabilizing thereafter until the sleep onset ([Figure 4B](#pone-0079688-g004){ref-type="fig"}). Illuminance levels stayed low during sleep followed by a shallow rise around dawn which steepened sharply after wake time. These changes in illuminance were accompanied by corresponding changes in the blue, green and red wavelength light ([Figure 4D and E](#pone-0079688-g004){ref-type="fig"}). There was a sharp rise red, green and blue wavelength light after wake time, although the blue levels remained lower relative to the red and green levels, probably reflecting exposure to artificial light.

![Comparison of the illuminance and spectral profiles of the experimental white-light mixtures and the white-light at home.\
(A) Double plot of the average 24-h profile of activity (upper plot) and Illuminance (lower plot) in the home environment of the participants The range of dawn and dusk during the study period (\[October- December inclusive\] 51°14\'07.44\"N latitude) are shown in the lower plot as black and red vertical reference lines, respectively. The black and red vertical reference lines represent the range of dawn and dusk respectively. Each data point in the two plots is an hourly average of 1 minute sampling, first computed for each participant and then averaged across the participants. (B) Double plot of the average 24-h profile of illuminance in the home environment of the participants. The black and red vertical reference lines represent the range of dawn and dusk respectively (C) Average morning illuminance while living at home and during the light exposure laboratory sessions. The Box-Plots show the 5^th^, 25^th^, median, 75^th^ and 90^th^ percentiles. (D) Double plot of the average 24-h profile of irradiance in the home environment of the participants. The black and red vertical reference lines represent the range of dawn and dusk respectively. (E) The average irradiance in the home environment of the participants just before wake time and during the morning hours corresponding to the laboratory light exposure session. (F) Average red, green and blue irradiance during the evening hours while living at home and during the laboratory light exposure sessions.](pone.0079688.g004){#pone-0079688-g004}

The four laboratory light conditions are summarized in [Figure 4 (C and F)](#pone-0079688-g004){ref-type="fig"}. Mean illuminance levels (mean ± SEM: 58 ± 19.99 lux) at home in the morning were well above the Dim condition, although rather variable (range: 230 - 5.4 lux). The mean irradiance level in the blue light measured at home (2.64 ± 0.2 µw/cm^2^) was well above the blue irradiance of the Blue-Intermediate light (0.72 ± 0.3 µw/cm^2^) and well below the Blue-Enhanced light (5.92 ± 1.17µw/cm^2^). We note that there were significant differences in body position (and variations in this position) between the two environments. While participants had to sit relatively still with their wrists placed on the table during the light exposure, they would not have done so home. We also report specifications for the experimental light conditions derived from the photopic sensitivity and melanopsin based sensitivity curves ([Table 1](#pone-0079688-t001){ref-type="table"}).

These different light conditions were used to determine whether sleep inertia exhibits an intensity- and spectrum-dependent sensitivity to light such that it would be significantly reduced in blue-enhanced light. Our analyses indicated that a differential effect of our white light conditions on sleep inertia was minimal ([Figure 5B](#pone-0079688-g005){ref-type="fig"}). With the exception of RT in the 3-back task, there were no significant effects of light condition on KSS or any other performance measure. An analysis of combined 'match' and 'non-match' RT showed no effect of light condition (p=0.25) or a time x light condition (p=0.14) interaction in the 3-back task. But, the separate analysis of the 'match' and 'non-match' trials, revealed a significant effect of time x light condition interaction for the 'match' trials in this task (p\< 0.01; [Figure 5B](#pone-0079688-g005){ref-type="fig"}). RT at the end of the four hours in the two Blue-Enhanced conditions was significantly faster than at waketime ([Figure 5B](#pone-0079688-g005){ref-type="fig"}, inset). Lastly, there was no significant interaction between sleep-stage (at awakening) and light condition.

![The effect of white light conditions on sleep inertia in working memory.\
Values shown here are the actual means +/- 1 SEM from the data. (A) RT on the match trials in the 1-back task. (B) RT on the match trials in the 3-back task. (C) RT on the non-match trials in the 1-back task. (D) RT on the non-match trials in the 3-back task. There was a significant light x time interaction only on the match trials in the 3-back task, as shown in the inset in panel B. The inset figure shows the RT's from the first and last sleep inertia assessments; a significant difference was found in the Blue-Enhanced and Bright Blue-Enhanced conditions in the 3-back task.](pone.0079688.g005){#pone-0079688-g005}

Discussion {#s4}
==========

The aim of current study was to examine the differential effect of sleep inertia on various cognitive processes and determine if blue-enhanced artificial light might be an effective countermeasure for it. First, the effect of morning sleep inertia was widespread and far from being short-lived, lasted well over two hours. Second, alertness was most strongly affected by sleep inertia followed by attention, working memory and cognitive throughput. Notably, the easier tasks were more affected than the more demanding 3-back task. Lastly, Blue-Enhanced light did not appear to be very effective counteracting sleep inertia; its positive impact was confined to the response speed on the 3-back task, a task with high executive loading.

Prior sleep modulates the effect of sleep inertia. Its severity appears to depend partly on the quality and duration of preceding sleep \[[@B9]\] \[[@B3],[@B4]\], that is shorter the sleep, the worse the sleep inertia. While the study did not directly test this, the 6.5 hr laboratory sleep episode was intended to optimise the opportunity to measure the effect of sleep inertia on performance not only by reducing sleep duration, but also by minimising wakefulness before 'lights on', which compromises the assessment of sleep inertia. While the effect of sleep inertia was strong in alertness, it was rather modest on cognitive performance. Besides duration and quality, the stage of sleep at awakening also appears to modulate sleep inertia \[[@B10],[@B12],[@B15]\], such that it has been shown to be worse following awakening from non-REM sleep, although there are results to the contrary \[[@B4],[@B13],[@B43]\]. We did not find any effect of sleep-stage at awakening in our data. Our sleep inertia assessment was done following a nocturnal sleep episode while many of the studies reporting an influence of sleep stage at awakening involved a nap protocol. Our results are however consistent with studies that have examined sleep inertia after night time sleep \[[@B13],[@B18]\]. Therefore, whether naps exacerbate the effect of sleep stage at awakening on sleep inertia needs to be further examined.

The fact that we struggle to function effectively after awakening suggests that alertness and cognitive functions take time to be fully restored. How quickly this recovery occurs appears to depend on a variety of factors related to outcome variables and experimental manipulations \[[@B4],[@B8],[@B10],[@B17]\]. We found that alertness/sleepiness and performance in tasks primarily involving lower cognitive processes, such as attention, were more affected than performance in tasks involving higher cognitive processes such as working memory ([Figure 3A](#pone-0079688-g003){ref-type="fig"}). The transition from sleep to wake, conceptualized as a 'switch-like' mechanism involving several populations of sleep and wake-promoting neurons switching states offers a possible an explanation for this task difference in sleep inertia \[[@B44]\]. It is likely that not all populations of neurons switch instantly between sleep and wake states, rather the duration of this shift varies among them. Thus, the restoration of a cognitive process upon awakening may be related to how quickly the neurons, mediating the process, shift between sleep-wake states. Indeed, data from a recent study of regional Cerebral Blood Flow (rCBF) during awakening suggests that brain areas associated with consciousness or arousal recover immediately upon awakening, while those associated with higher cognitive processes do so more slowly \[[@B6]\].

Our participants appeared to be fully cognizant of their impairment in alertness, as was evident in the effect of sleep inertia on KSS ratings. However, the accuracy of self-ratings following sleep inertia or sleep loss has been debated in the literature \[[@B45],[@B46]\]. While our results are consistent with some reports in the literature \[[@B4],[@B8],[@B10],[@B17]\], it is at odds with more recent studies showing that sleep inertia may impair self-ratings of alertness, performance and mood \[[@B43],[@B47],[@B48]\]. It must be noted that our sleep inertia assessment was done after a nocturnal sleep episode while in the three studies \[[@B43],[@B47],[@B48]\] it occurred after a nap. Moreover, the outcome measures in two of the studies constituted self-ratings of performance rather than sleepiness, although, recently, Groeger et al. \[[@B15]\] found an effect of sleep inertia on subjective ratings of performance. Clearly, even small methodological changes and circadian effects can yield substantive differences in sleep inertia in cognition.

Attention was one of the more strongly affected cognitive processes in our study. PVT performance in the morning showed that the slowest responses were significantly longer and lapses increased more than twofold when compared to baseline. Lapses or extremely long RT's (\>500 msecs) in tasks like the PVT affect our ability to detect critical stimuli quickly and effectively. They are considered the hallmark of attention impairment \[[@B28],[@B49]\] and constitute a unique behavioral state in that brain activity pattern during a lapse is different from the pattern during a normal or fast response \[[@B49],[@B50]\].

While sleep inertia in attention was as expected, the time course of its dissipation was unusual. It first worsened for two hours before improving and even then did not recover to baseline levels ([Figure 2 B and 2C](#pone-0079688-g002){ref-type="fig"}). Two other studies that examined sleep inertia in PVT performance report a similar pattern \[[@B11],[@B17]\]. The acute fatiguing effect of this task in combination with sleep inertia may have led to the non-linear pattern in recovery from the sleep inertia. Moreover, the monotonous nature of the task could result in boredom and/or a lack of motivation, both of which could have contributed to the unusual pattern in recovery \[[@B17]\]. The fact that sleep inertia is associated with increased lapses implies serious consequences in many work environments.

Sleep inertia had a very modest effect on cognitive throughput, and speed rather than in accuracy of performance was affected \[[@B4],[@B29]\]. The data in the literature are rather contradictory in this regard. While some studies report an effect on speed in the addition task \[[@B4],[@B17]\], others report an effect on accuracy \[[@B9],[@B13],[@B16]\]. Overall, findings from these studies suggest that various factors such as circadian phase, duration of sleep and conditions prior to sleep e.g. sleep deprivation, and experimental manipulations may modulate the relative sensitivity of speed and accuracy of performance in numerical tasks. For instance, sleep inertia appears strongest immediately upon awakening. In most studies of sleep inertia, the addition task is the first and often the only one to be administered \[[@B4],[@B9],[@B13],[@B16],[@B17]\]. In contrast, we administered the addition task after the N-back tasks and the PVT, and this may have diminished the effect of sleep inertia on this task; given the sample size of 11 it was not possible to vary the order of the tasks between participants to test this hypothesis.

As with the addition task, the effect of sleep inertia on working memory was seen in speed and not accuracy of performance. Most notably, the sleep inertia was stronger in the 1-back task compared to the 3-back task ([Figure 3](#pone-0079688-g003){ref-type="fig"}). These results are counterintuitive and in contrast to Groeger et al. \[[@B15]\]. But key methodological differences between our study and theirs may explain the contrasting results. First, we used an auditory version of the task whereas Groeger et al. \[[@B15]\] used a visual version of the tasks. Secondly, our sleep inertia assessment occurred after a night of sleep, while theirs was done after a morning or an afternoon nap. Critically, they only found this effect following the afternoon nap, which may indicate a circadian modulation \[[@B13]\]. Lastly, it is worth noting that Lo et al. \[[@B38]\] found a stronger effect of acute total sleep loss as well as repeated partial sleep loss on easier N-back tasks in comparison to the more challenging task. Why sleep inertia and sleep loss affect the easier n-back task more strongly is unclear.

Although the effect of sleep inertia is well documented, few studies have investigated therapeutic strategies for it \[[@B8],[@B18]\]. Here, we asked whether modifying the composition of artificial light by making it brighter or blue-enhanced might reduce morning sleep inertia. Because, during the winter, in the higher latitudes, people wake up in darkness and turn on artificial light a few minutes later, we chose to simulate this morning light experience at home \[[@B51]\]. Although similar in composition to the artificial light at home, the four experimental light conditions varied in intensity and/or spectral composition, specifically in blue wavelength ([Figure 4](#pone-0079688-g004){ref-type="fig"}). We expected that blue-enhanced light would reduce the impact of sleep inertia.

Contrary to our expectation, the two blue-enhanced lights had no effect on alertness/sleepiness and most of the performance measures \[[@B8]\]. However, we did find an effect of blue-enhanced white light on the 'non-match' trials on the 3-back task. But, because this effect was small its clinical significance or practical relevance is unclear. Perhaps, if sleep inertia is distinct from the homeostatic process \[[@B3]--[@B5]\] then it may have a different spectral/intensity sensitivity to light. For instance, Werken et al. \[[@B8]\] and Giminez et al. \[[@B18]\] found a positive effect on subjective alertness, albeit with a 'dawn simulation' light and without sleep restriction to 6.5 hrs..

In conclusion findings from this study have implications for many socially critical professions e.g. medicine, law-enforcement and transportation, where personnel are routinely woken up from their night-time sleep, having to respond quickly and effectively to emergency situations. Clearly a phenomenon such as sleep inertia is of serious concern in these professions and it would be of great benefit to explore strategies to reduce its detrimental impact. Whether light exposure, a popular countermeasure for seasonal affective disorder, circadian misalignment and sleep loss during shift work, can be therapeutically used with sleep inertia needs to be more carefully examined. Although the light conditions in our study were not effective against sleep inertia, they may provide some useful information for future research in this regard.
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